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Luminal uptake and Intracellular transport of insulin in renal proximal
tubules. It is generally accepted that proteins taken up from the renal
tubular fluid are transported into lysosomes in proximal tubule cells.
Recently, however, it has been postulated that insulin in isolated
perfused rat kidneys did not accumulate in lysosomes but to a certain
degree in the Golgi region. The present study was undertaken to
investigate the intracellular handling of biologically unaltered insulin in
rat renal proximal tubule cells. Rats were prepared for in vivo micro-
puncture and either a colloidal gold insulin complex or insulin
monoiodinated in the A-l4 position (1251-insulin) was microinfused into
proximal tubules. After 5, 10, 25 or 60 mm the tubules were fixed by
microinfusion of glutaraldehyde and processed for electron microscopy
or electron microscope autoradiography. A qualitative analysis of
tubules infused with colloidal gold insulin or '25l-insulin showed that
insulin was taken up by endocytosis and transported to lysosomes, and
a quantitative autoradiographic analysis of the 1251-insulin microinfused
tubules showed that the grain density after five mm was significantly
increased for endocytic vacuoles and for lysosomes. After 60 mm the
grain density was still significant over lysosomes. The accumulation of
grains was non-significant over all other areas analyzed at any time.
This study shows that insulin is taken up from the luminal side of the
proximal tubule by endocytosis and transported to the lysosomes.
There was no significant transport to the Golgi region.
So far it has been demonstrated that for all proteins studied,
generally the same intracellular pathway is followed after
luminal endocytic uptake by renal proximal tubule cells, that is,
from the endocytic vacuoles the proteins are transported into
the lysosomes to be degraded [1—6], among these proteins are
also insulin [7]. However, recently [8] it has been postulated
that monoiodinated insulin when perfused through the isolated
rat kidney is not accumulated in the lysosomes, but to a small
degree in the Golgi region as visualized by electron microscope
autoradiography. In similar experiments [9] the authors were
unable to demonstrate lysosomal accumulation of insulin in
renal cortical subcellular fractions. These results are contradic-
tory to the results by Bourdeau, Chen, and Carone [7] who
showed, using a commercially prepared insulin, that in the
rabbit proximal tubules insulin is sequestered in the lysosomes
and, furthermore, the basolateral uptake is negligible. Also for
other proteins [10, 11] the tubular basolateral uptake appears to
be very small. Since insulin has important hormonal effects on
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proximal tubular cells [12], and since it is generally known that
these cells are especially active in the renal degradation of
insulin, it appears to be of particular interest to clarify the
intracellular handling of insulin in renal proximal tubular cells.
The present experiments were performed to study the
endocytic uptake of insulin from the lumen of the proximal
tubule, which is generally believed to be quantitatively the most
important pathway into the tubular cells. Surface proximal
convoluted tubules were microinfused with either (TyrkI4I251)
monoiodoinsulin, which is 100% biologically as well as immu-
nologically active [13—15], or with colloidal gold coated with
insulin. The tubules were fixed after different time intervals and
prepared for electron microscopy or electron microscope
autoradiography. The results revealed that insulin was heavily
concentrated initially in the endocytic vacuoles and rapidly
accumulated in the lysosomes. There was no indication of
accumulation of insulin in other subcellular compartments.
Methods
('251)Monoiodoinsulin. Insulin monoiodinated in tyrosine res-
idue no. 14 of the A-chain was prepared to a specific activity of
about 5.6 x 1016 Bq/mole by Susanne Linde (Hagedorn Re-
search Laboratory, Gentofte, Denmark) as previously described
[14]. Briefly, a sevenfold molar excess of highly purified porcine
insulin was mixed with 125j_ The iodination was catalyzed by the
lactoperoxidase/H202 method. The (Tyr'4'25I)monoiodoinsulin
was separated from other monoiodinated derivatives and from
diiodoinsulins and unreacted insulin by polyacrylamide gel elec-
trophoresis [14]. (Tyr'25I)monoiodoinsulin has been demon-
strated to possess a biological potency and binding affinity indis-
tinguishable from that of native insulin [13—15].
Colloidal gold. Colloidal gold was prepared by reducing
chloroauric acid. To a boiling solution of 100 mliters of 0.01%
chloroauric acid was added 4 mliters of 1% sodium citrate [16].
When room temperature was reached, the pH was adjusted to
6.8 with an 0.2 Mpotassium carbonate solution. The subsequent
procedures were carried out at 4°C. To 9350 piiters of this
solution, 53 sliters insulin—solution (porcine insulin, (NOVO,
Copenhagen, Denmark) 570 g/mliter of 0.1 mi HC1) and 600
j.diter 1% PEG (Polyethyleneglycol, Mw 20,000) was added. At
these concentrations, the colloidal gold solution was saturated
with insulin as visualized by the lack of a color change after the
addition of 0.5 mliters of 10% NaCl to 0.5 mliters of the final
gold insulin solution at room temperature. Before use the
solution was centrifuged three times for 30 mm at 30,000g in a
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Beckman L2-65B ultracentrifuge (Beckman Instruments,
Fullerton, California, USA). After the first two centrifugations
the pellet was resuspended in 10 mliters of redistilled water with
PEG (0.06 mliters 1% PEG/muter H20), after the last centrifu-
gation the PEG solution was added to the pellet to a final
volume of only I mliter.
The biological activity of the colloidal gold—insulin complex
was assessed according to Moody et al [17]. Isolated rat
adipocytes (0.5%, vol/vol) were incubated for 2 hr at 37°C in a
total volume of I muter of a Krebs—Ringcr—Hepes buffer [18]
supplemented with 10 g/liter of bovine serum albumin and 0.1
mM D-glucose [191. The insulin—stimulated conversion of D-(3-
3H)glucose (3.7 kBq/sample; Amersham International, Arling-
ton Heights, illinois, USA) into lipids was measured by stop-
ping the incubation with 10 mliters toluene—based scintillation
fluid, The samples were left overnight at 4°C in order to
complete phase separation and lipid extraction before counting
in a 13-spectrometer (Mark III, Nuclear Chicago-Searle).
Evaluation t the gold—insulin solution
The gold—insulin preparation diluted 1:500 in the assay buffer
possessed a biological activity of 43 p. Due to the particulate
nature of the gold—insulin complex, the actual concentration
must be much higher and this quantitation is, therefore, rather
meaningless. The supernatant from the last wash of the
complexed gold had no detectable insulin—like activity in a final
dilution of 1:20, that is the supernatant contained less than 0.2
nM insulin. This indicates a stability of the gold—insulin complex
as long as it was suspended in distilled water and stabilized with
PEG. However, it is well known that the complexes of colloidal
gold particles and small peptides are unstable in buffer solutions
[201. In order to test if the insulin—like activity found in the
gold—insulin preparation could be explained by free insulin
dissociated from the particles during the two hr incubation in
Krebs—Ringer buffer, a sample of the gold—insulin preparation
was diluted 1:10 with the assay buffer and incubated for two hr
at 37°C. It was then centrifuged for ten mm at 100,000 x g in a
Beckman Airfuge. The supernatant was transferred and spun
once more. This particle—free supernatant assayed in parallel
possessed an insulin—like activity corresponding to a concen-
tration of 3.6 flM insulin in the original preparation. This implies
that maximally 17% of the observed insulin—like activity in the
gold—insulin preparation can be accounted for by free insulin
released during the assay. lt should be emphasized that a
colloidal gold particle ol' this size (about 15 nM) is able to bind
about 220 insulin molecules [21].
Animals
Male Wistar rats, 250 g (212 to 296) with free access to food
and water were used for the micropuncture experiments.
Micro puncture experiments
'251-insulin. The rats were anesthetized intraperitoneally with
mactin (150 mg/kg body WI) and placed on a thermostatically
heated table. After tracheostomy, a catheter was placed in the
right jugular vein and the rat was infused with an 0,9% NaCI
solution at a constant rate of 3.8 mliters/hr.
The left kidney was exposed by a lateral incision, placed in a
stabilized cup, and covered with liquid paraffin. The perirenal
temperature was maintained at 37° to 38°C. The left ureter was
cannulated and urine was collected directly into counting vials
for the detection of 1251 in the urine. The '25i-monoiodoinsulin
solution (1.85 Bq/mliters of saline) was microinfused into sur-
face proximal tubules at a constant rate for one mm. The
pipette s had an outer tip diameter of 6 to 7 jim and a calibrated
volume of 12.1 to 12.2 nliters. The pipettcs were coated with
bovine albumin (5 mg/mliter) before use. After either 5, 10, 25
or 60 mm, the tubules were fixed by microinfusion of 1%
glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.2. A
total number of 21 tubules from eight animals were
microinfused. After the experiment the kidney was removed
and fixed overnight in the same solution.
Colloidal gold. The experiments with colloidal gold were
performed in the same way except that the ureter was not
cannulated. The volume of the pipette used was 13.9 nliters. A
total number of eight tubules from three animals were
microinfused.
Electron microscopy and autoradiography
The renal tissue containing the microinfused tubule was
excised, postfixed in 0s04 in 0.1 M veronal acetate buffer at pH
7.2 for one hr, dehydrated in graded alcohols (70, 90, 96 and
99%) and embedded in Epon 812 in flat moulds. Thin sections
were cut on a LKB Ultrotome III, mounted on 100 mesh copper
grids and stained with lead citrate and uranyl acetate.
ilford L4 emulsion was applied to the grids as a single layer of
silver halide crystals according to the wire ioop method [221.
'l'he thickness of the emulsion and the background was con-
trolled during the applications. The sections were exposed for
one month for quantitative grain determinations, or up to two
months for qualitative evaluation, developed in Kodak D-19 (90
sec, 20°C) and fixed in a 20% sodium thiosulphate solution for
120 sec.
The colloidal gold—infused tubules were prepared for electron
microscopy as described above.
Morphometric analysis
The sections were studied in a JEOL 100 CX or 100 B
electron microscope (JEOL Industries, Tokyo, Japan). For the
quantitative autoradiographic analysis, electron micrographs
were taken at a primary magnification of x 5,000 and enlarged
to a final magnification of x 15,000. The autoradiographic
background was determined on each grid used for the quanti-
tative analysis over areas immediately adjacent to the tubule
used for the analysis. The background averaged 0.0007
grains/jim2 and never exceeded 0.003 grains/jim2.
The areas of microvilli, endocytic vacuoles, lysosomes, Golgi
regions, mitochondria, nuclei and cytoplasm were determined
by point counting [23], using a lattice square test system with a
distance between lines of 10 mm corresponding to 0.67 jim.
Autoradiographic grains were counted over the same regions,
and the exact location of a grain was determined as the center
of the smallest circle circumscribing the grain. Grains with a
distance of less than 0.3 jim from endocytic vacuoles,
lysosomes and Golgi regions, were counted as if they belonged
to this organelic. If a grain was located less than 0.3 jim from
two of the above mentioned organdIes, the shortest distance
was determined and the grain referred to that organelle. All
grain counts were corrected for background by calculating the
4 
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Fig. 3. Electron microscope autoradiograph of '251-insulin uptake in
proximal tubule fixed 10 mm after start of microinfusion. Grains are
located in the apical part of the cells, over endocytic vacuoles and
lysosomes. Parts of two tubular cross sections from the same nephron
are seen to the right, and to the left two non-infused tubules are seen.
(Magnification x 1,100)
Fig. 1. Electron microscope auloradiograph of '251-insulin uptake in
proximal tubule, fixed 5 mm after start of micromnfusion. Grains are
concentrated over endocytic vacuoles in the apical part of the proximal
tubule cell. Part of a non-infused proximal tubule is seen in the upper
right corner. (Magnification x 1,300). Fig. 2. Electron microscope
autoradiograph of proximal tubule cell prepared as in Figure 1. Grains
are located over and adjacent to endocytic vacuoles (EV) and are also
seen over lysosomes in the apical part of the cell (arrows). (Magnifica-
tion >< 10,400)
grain concentration (grains/m2) over each region and subtract-
ing the background.
Statistical methods
A Students t-test was used to compare the observed grain
density (% grains of total number of grains/% area of total area
analyzed) to the value one.
Results
Qualitative electron microscope observations
Monoiodoinsulin. After five mm virtually all autoradio-
graphic grains were located in the apical part of the proximal
tubule cells. As seen in Figure I, the majority of the grains were
located over endocytic vacuoles and to a certain degree over
the brush border, but a large number of grains were also seen
over lysosomes located in the apical part of the cytoplasm (Fig.
2). Ten mm after microinfusion the majority of the grains were
located over lysosomes, but many grains were still found over
endocytic vacuoles and the brush border (Fig. 3). The
lysosomal accumulation was even more obvious after 25and
after 60 mm (Figs. 4 and 5). At both these time periods the
number of grains over endocytic vacuoles and brush border had
decreased. Furthermore, the lysosomes containing the insulin
were now located deeper in the cells but not all lysosomes
contained insulin (Figs. 4 and 5). There appeared not to be any
accumulation of insulin in other cell organelles (Figs. 1—5).
Colloidal gold insulin. The distribution of the colloidal gold
particles was almost identical to the distribution of the autora-
diographic grains, Thus, after five and ten mm colloidal gold
particles were seen in endocytic vacuoles, on the brush border
and in lysosomes (Fig. 6). When the colloidal gold was seen in
endocytic vacuoles it was almost always located in the periph-
ery of the vacuoles (Fig. 7) and often surrounded by electron
dense material. With increasing time after infusion, more and
more gold particles became located in lysosomes, sometimes
located in the periphery (Fig. 8 and inset to Fig. 8), but also
often distributed all over the lysosomal matrix (Fig. 9). Whereas
some lysosomes accumulated large amounts of gold insulin,
others did not sequester the gold insulin at all (Fig. 8) as also
observed for the monoiodoinsulin. No colloidal gold particles
were found in the Golgi complex although many lysosomes
located close to the Golgi region contained gold (Figs. 9 and 10).
Furthermore, colloidal gold particles were not found outside the
vacuolar system, that is, the endocytic vacuoles or the
lysosomes in the cells.
In a few control experiments, large amounts of colloidal gold
up to 50 nliters without insulin were microinfused into proximal
tubules. However, only occasionally these gold particles were
seen to be taken up by the cells.
Quantitative observations
As seen in Table 1 there was a gradual decrease in the
percentage of grains over the brush border from five to 60 mm.
At the same time there was a gradual decrease over the
endocytic vacuoles and a gradual increase over the lysosomes.
The percentage of grains remained more or less constant over
all other regions encountered in the analysis. It should be
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Fig. 4. Electron microscope autoradiograph of '251-insulin uptake in
proximal tubule, fixed 25 mm after start of microinfusion. Grains are
located over lysosomes in the apical part of the cytoplasm (arrows).
Endocytic vacuoles (EV), Golgi apparatus (G). Some lysosomes (L) do
not contain '251-insulin. (Magnification x 7,200). Fig. 5. Electron micro-
scope autoradiograph of '251.insulin uptake in proximal tubules, fixed
60 mm after start of microinfusion. Grains are located over some
lysosomes (arrows) while others do not contain '2l-insulin. Golgi
region (G). (Magnification x 4,400)
especially noted that the percentages of grains over the Golgi
regions represented only Ii grains out of the 2551 grains
counted.
Table 2 shows the relative grain density. A figure higher than
one indicates an accumulation of grains over that region. Thus,
with time there was a decrease over the brush border and
endocytic vacuoles and an increase over the lysosomes. These
figures were statistically higher than one for the endocytic
vacuoles at five and ten mm and for the lysosomes at all time
periods. There was no significant accumulation of grains over
other regions.
Discussion
The present study has demonstrated that insulin follows the
same intracellular pathway from endocytic vacuoles to the
lysosomes as shown for all other proteins taken up from the
lumen including insulin. The differences between our study and
the study by Bourdeau, Chen, and Carone [71 is that while we
microinfused the insulin directly into the tubule lumen of rats,
Bourdeau Ct al infused the insulin intravenously into rabbits,
Fig. 6. Electron micrograph of proximal tubule cells fixed 10 nun after
start of microinfusion of colloidal gold insulin. The electron dense gold
particles are seen on the brush border (BB), in apical invaginations
(arrow), in endocytic vacuoles (EV) and in lysosomes (L). Note the
Golgi apparatus (G) without colloidal gold particles. (Magnification
x 10,400). Fig. 7. Electron micrograph of proximal tubule cells fixed /0
mm after start of microinfusion of colloidal gold insulin. Colloidal gold
particles are located in the periphery of endocytic vacuoles (EV).
Lysosomes (L), Golgi apparatus (G). (Magnification x 20,700)
thus studying luminal and a possible basolateral uptake as well.
Nevertheless, our results arc remarkably similar concluding
that insulin is transferred to the lysosomes after endocytic
uptake in renal proximal tubules. Thus, we are unable to
explain the results of Lisker et a! [81 and Herrman et al [91
showing no lysosomal accumulation of insulin in the isolated
perfused rat kidney.
in the present study insulin did not accumulate in the Golgi
region as found by Lisker et al [8]. The grain densities over the
Golgi region of 1.1 and 1.1 after 25 and 60 mm (Table 2) were
not significantly higher than one, and represented only four and
three grains respectively. Of these 7, three actually were within
0.3 m from lysosomes and thus may have originated from
these. The rest could be either background or monoiodotyro-
sine trapped during fixation since glutaraldehyde to a certain
degree is known to fix amino acids [24].
Our autoradiographic results were supported by our gold
insulin experiments. Thus the uptake was definitively due to the
insulin bound to the gold since there was virtually no uptake of
colloidal gold when not coated with insulin. Intracellularly there
I 
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Fig. 8. Electron micrograph of proximal tubule cells fixed 25 mm after
start of microinfusion of colloidal gold insulin. Colloidal gold particles
are seen in the periphery of the lysosomes (L). (Magnification
x II ,300). Inset demonstrates the lysosomal localization of the colloidal
gold at a higher magnification. (Magnification x 20,700). Fig. 9. Eleciron
micrograph of proxi,nal tubule cells fixed 60 mm after start of
,nicroinfusion of colloidal gold insulin. Colloidal gold particles are
dispersed in the matrix of some lysosomes (L). Endocytic vacuoles
(EV) do not contain colloidal gold. Golgi apparatus (G). (Magnification
x 11,900)
appeared to be no difference in the transport of gold—insulin and
monoiodoinsulin into the lysosomes. However, although the
gold—insulin complex remained relatively stable for two hr in
Krebs—Ringer buffer, we have no definite proof that the insulin
intracellularly remained bound to the gold.
It appears to be well documented that insulin binds to
basolateral membranes in renal proximal tubules [25]. How-
ever, there are conflicting results in the literature as to what
extent this mechanism contributes to the renal catabolism of
insulin, and if this binding is followed directly by a degradation
of insulin or whether insulin is actually taken up from the
basolateral membranes. Thus, peritubular binding and degrada-
tion of a protein does not necessarily mean binding and uptake
into the cells but could also be due to proteolytic activity in the
basolateral membranes [6]. Bourdeau, Chen and Carone [71
found that the basolateral accumulation of insulin was only
3.5% of the luminal accumulation in isolated perfused rabbit
tubules. However in several studies [26—30] the peritubular
metabolic clearance of insulin has been estimated to be from
Fig. 10. Electron micrograph of proximal tubule cells fixed 60 mm after
start of microinfusion of colloidal gold insulin, No colloidal gold
particles were found within Golgi cisternae (0) although lysosomes
nearby contained colloidal gold (arrows). (Magnification x 36,400)
Table 1. Distribution of autoradiographic grains over proximal tubule
cells after tubular microinfusion of '251-insulin (%)
5 mm 10 mm 25 mm 60 mm
Brush border 7.3 2.3 5.3 2.5 1.0 0.8 0.8 0.9
Endocytic vacuoles 41.2 11.6 30.2 8.5 6.7 4.6 5.3 5.7
Lysosomes 32.4 11.2 42.0 10.9 73.2 10.8 80.8 8.3
Cytoplasm 10.6 3.5 14.5 7.1 9.5 5.8 9.0 6.6
Golgi apparatus 0.1 0.3 0.5 1.1 0.9 1.0 0.8 0.9
Mitochondria 6.8 2.8 6.2 4.1 8.5 5.3 2.9 0.9
Nucleus 1.6 2.4 1.3 1.4 0.3 0.6 0.4 0.6
Number of tubules 5 5 5 6
Total number of
grains 905 564 603 479
Total area, pm2 7203 8839 9147 9861
Values are means 5D. See Methods for details.
13% [26] and up to 50% [28] of the total renal metabolic
clearance. On the other hand, direct pentubular uptake by
morphological means from the basolateral membranes has so
far only been demonstrated for a few proteins [11, 31]. Only
very small amounts were taken up and were not transferred to
the Golgi complex [11], and insulin has to our knowledge not
been shown morphologically to be taken up from the basolateral
membranes. Thus, even if up to 50% of the tubular sequestered
insulin was taken up from the basolateral membranes, which
appears highly unlikely, it is still to be expected that there
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Table 2. Autoradiographic grain density (% grains/% area) over
proximal tubule cells after microinfusion of 25linsulina.
5 mm 10 mm 25 mm 60 mm
Brush border 1.1 0.1 0.8 0.3 0.2 0.1 0.1 0.2
Endocytic vacuoles
Lysosomes
8.8 l.9&
3.6 l.5c
8.6 47c
4.9 09b
l.3 0.6
8.4 16b
1.5 1.4
6.9
Cytoplasm 0.2 0.1 0.3 0.1 0.2 0.1 0.2 0.1
Golgi apparatus 0.2 0.3 0.4 0.9 1.1 1.3 1.1 1.1
Mitochondria 0.4 0.2 0.3 0.2 0.3 0.2 0.1 0.1
Nucleus 0.1 0.2 0.2 0.2 0.0 0.0 0.0 0.1
Number of tubules 5 5 5 6
a Values are means SD.
b Significantly higher than I, P < 0.001.
Significantly higher than I, P < 0.025.
would be a significant lysosomal accumulation due to the
luminal uptake (Tables I and 2). Therefore, even if it is
supposed that 50% of the tubular sequestered protein is taken
up from the basolateral membranes and is not accumulated in
the lysosomes, it would not explain the results from Lisker et al
[8] and Herrman et al [91.
In summary, our results demonstrate unequivocally that
biologically active insulin taken up from the lumen of renal
proximal tubules by endocytosis is transferred to the lysosomes
and is not accumulated in any other organelle.
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